The ovine blastocyst hatches from the zona pellucida by Day 8 and develops into an ovoid or tubular conceptus (embryo and associated extraembryonic membranes) that grows and elongates into a filamentous form between Days 12 and 16. The trophectoderm of the elongating conceptus synthesizes and secretes interferon tau (IFNT) as well as prostaglandins (PGs) via prostaglandin synthase two (PTGS2). Intrauterine infusion of a PTGS2 inhibitor prevents conceptus elongation in sheep. Although many PGs are secreted, PGI2 and PGJ2 can activate nuclear peroxisome proliferator activator receptors (PPARs) that heterodimerize with retinoic X receptors (RXRs) to regulate gene expression and cellular function. Expression of PPARD, PPARG, RXRA, RXRB, and RXRG is detected in the elongating ovine conceptus, and nuclear PPARD and PPARG are present in the trophectoderm. Consequently, PPARD and PPARG are hypothesized to have essential roles in conceptus elongation in ruminants. In utero loss-of-function studies of PPARD and PPARG in the ovine conceptus trophectoderm were conducted using morpholino antisense oligonucleotides (MAOs) that inhibit mRNA translation. Elongating, filamentous-type conceptuses were recovered from ewes infused with a control morpholino or PPARD MAO. In contrast, PPARG MAO resulted in severely growth-retarded conceptuses or conceptus fragments with apoptotic trophectoderm. In order to identify PPARG-regulated genes, PPARG chromatin immunoprecipitation sequencing and RNA sequencing were conducted using Day 14 ovine conceptuses. These analyses revealed candidate PPARG-regulated genes involved in biological pathways, including lipid and glucose uptake, transport, and metabolism. Collectively, results support the hypothesis that PTGS2-derived PGs and PPARG are essential regulators of conceptus elongation, with specific roles in trophectoderm survival and proliferation.
INTRODUCTION
In sheep, the morula-stage embryo enters the uterus between Days 4 and 5 of pregnancy [1] . The embryo forms a blastocyst by Day 6, which then hatches from the zona pellucida by Day 8. The blastocyst develops into a tubular form by Day 12 and is now termed a conceptus (embryo/fetus and associated extraembryonic membranes), which rapidly grows into an elongated, filamentous form by Day 14 [1, 2] . Hatched blastocysts do not elongate in vitro because substances secreted from the endometrial epithelia, luminal (LE) and glandular (GE), are essential for their development from a spherical into a filamentous form [3, 4] . Conceptus elongation involves exponential increases in length and weight of the trophectoderm [5] and onset of extraembryonic membrane differentiation that is vital for embryonic survival and formation of a functional placenta [1, 6] . The cellular processes involved in conceptus elongation include trophectoderm proliferation, migration, apposition, and transient attachment to the endometrial LE [7] . Successively, the elongated conceptus begins the process of central implantation and placentation and the establishment of pregnancy [8] . The trophectoderm of the elongating ruminant conceptus synthesizes and secretes prostaglandins (PGs) as well as interferon tau (IFNT), which is the maternal recognition of pregnancy signal that acts on the endometrium to inhibit production of luteolytic pulses of PGF2a [3, 9] , thereby ensuring continued progesterone production by the corpus luteum [10] . Progesterone from the ovary induces a number of genes in the endometrial LE and GE that are hypothesized to regulate conceptus elongation; further, IFNT acts on the endometrium to stimulate transcription of a number of the progesterone-induced elongation-and implantation-related genes in the LE and GE, as well as classical type I IFNstimulated genes (ISGs) in the stroma [11] [12] [13] .
In both sheep and cattle, the conceptus and endometrium synthesize and secrete substantial amounts of PGs during early pregnancy, including PGE2, PGF2a, PGI2, and PGD2, that can be measured in the uterine lumen [14, 15] . Prostaglandin G/H synthase and cyclooxygenase 2 (PTGS2) is the dominant cyclooxygenase expressed in the conceptus trophectoderm and LE of the endometrium of ruminants. Of note, the elongating conceptus synthesizes and secretes more PGs than the underlying endometrium, resulting in higher PG levels in the uterine lumen of Days 12 to 16 pregnant sheep compared with cyclic sheep [14] [15] [16] . Prostaglandins are important for conceptus elongation in sheep because intrauterine infusion of meloxicam, a selective PTGS2 inhibitor, into the uterine lumen from Days 8 to 14 after mating completely inhibited conceptus elongation [17] . Receptors for PGs are present in all cell types of the endometrium and conceptus during early pregnancy in sheep [17, 18] . Thus, PGs may have paracrine as well as autocrine and intracrine effects on endometrial function and conceptus development [13] . Available evidence supports the idea that conceptus-derived PGs act in a paracrine manner to modulate expression of progesterone-induced elongationand implantation-related genes in the endometrium that, in turn, promote conceptus elongation via effects on the trophectoderm [19, 20] .
In addition to extracellular effects, PGs can elicit intracellular effects by activating the peroxisome proliferator activator receptor delta (PPARD) and gamma (PPARG) nuclear hormone receptors [21] . Specifically, PGI2 is a ligand for PPARD, and PGD2 spontaneously forms 15-deoxy-D12,14-PGJ2 within cells, which is a ligand for PPARG [22] [23] [24] [25] . The trophectoderm cells of the elongating ovine conceptus as well as the endometrial epithelia express PPARD and PPARG as well as their dimerization partners, the retinoic X receptors (RXRs) [18] . In other cell types and organs, ligand-dependent activation of PPARs regulates the transcription of genes that are involved in the control of energy and glucose homeostasis, as well as lipid metabolism, and affect cell proliferation and differentiation [26] [27] [28] . Genetic studies in mice found both PPARG and PPARD to be essential for placental development and differentiation, because null mice display severe defects in placentation, resulting in embryonic lethality [25] . In mink, PPARG is implicated in trophoblast differentiation and invasion during early pregnancy [29] . In vitro studies using human trophoblast cells found that PPARG regulates fatty acid uptake, and activation of PPARG induces accumulation of lipids as well as trophoblast differentiation [26] . Connections between the placenta and maternal decidua are lost in Ppard null mice because of abnormal giant cell differentiation, resulting in embryonic lethality [30, 31] . In the skin, PPARD potentiates cell polarization and migration [32] . Thus, the cellular effects of PPARD and PPARG in other cell types and placentae support the idea that conceptus elongation and trophoblast cell proliferation and differentiation in ruminants may be regulated by PPARD and PPARG. Indeed, lipid uptake and metabolism are likely key features of conceptus elongation, given the rapid growth of the trophectoderm as well as production of lipid-derived PGs via PTGS2.
In order to test the hypothesis that PPARD and PPARG have essential biological roles in conceptus elongation, an in vivo morpholino (MO) loss-of-function study was conducted to specifically inhibit PPARD or PPARG mRNA translation in the trophectoderm of the developing ovine conceptus. Further, PPARG gene targets were determined in the Day 14 conceptus using a combination of chromatin immunoprecipitation sequencing (ChIP-Seq) and RNA sequencing (RNA-Seq) analyses.
MATERIALS AND METHODS

MO Design and Validation
Design. Morpholino oligonucleotides were designed and synthesized by Gene Tools. The PPARG morpholino antisense oligonucleotide (MAO; AAAACGGCATCTCTGTGTCAACCAT) targeted the first 25 bp of the ovine PPARG mRNA, whereas the PPARD MAO (AGGCCCGGTCATAGCTCT GGCATCA) targeted the 5 0 untranslated region (UTR) of the ovine PPARD mRNA. A random oligo 25-nucleotide MO was used as a control because it is synthesized with a random base at every position and does not target any known mRNAs (Gene Tools).
Validation. Oligos analogous to the MAO-targeting portion of the ovine PPARD and PPARG mRNA coding sequences (CDS) were synthesized by Integrated DNA Technologies (Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org). Oligos were designed to include a 5 0 NheI overhang, a portion of the mRNA to be bound by the MAO, and a 3 0 NheI overhang. The psiCHECK2 dual luciferase (LUC) reporter plasmid (Promega) was digested with the restriction enzyme NheI and subsequently treated with antarctic phosphatase (New England Biolabs). Coding sequence oligos were annealed and ligated into psiCHECK2, upstream and in-frame with LUC, using T4 DNA ligase (Life Technologies). The resulting vectors were sequenced (Washington State University Molecular Biology and Genomics Core) for verification. Human 293T cells were transfected with psiCHECK2:PPARD CDS LUC or psiCHECK2:PPARG CDS LUC vectors using Lipofectamine 2000 (Life Technologies). After 6 h, cells were incubated with Endo-Porter delivery reagent (6 ll per 1 ml; Gene Tools) and 2, 4, or 8 lM PPARD MAO, PPARG MAO, or control MO. After 48 h, cell lysates were analyzed for LUC activity using a dual LUC reporter assay system (Promega).
Animal Experiments
All experimental and surgical procedures were approved by the Institutional Animal Care and Use Committee of Washington State University. Mature Columbia Rambouillet crossbred ewes (Ovis aries) were observed for onset of estrus (designated Day 0) and mated to an intact ram of proven fertility. On Day 7 after mating, ewes were subjected to a midventral laparotomy. Using methods described previously [33, 34] , the base of the uterine horn ipsilateral to the corpus luteum was double ligated using nonabsorbable umbilical tape to prevent migration and growth of the conceptus through the uterine body into the contralateral uterine horn; this surgical procedure does not affect conceptus implantation or development [34] . A vinyl catheter (item no. 0007760; Durect Corp.), connected to a preloaded and equilibrated Alzet 2ML1 Osmotic Pump (Durect), was then inserted 1 cm distal to the tubouterine junction into the lumen of the uterine horn ipsilateral to the ovary containing a corpus luteum. The pump was then affixed to the mesosalpinx supporting the oviduct using cyanoacrylate glue (Super Glue) and secured by suturing the mesosalpinx to the perimetrium of the uterine horn using 0 Coated Vicryl suture (Ethicon). The Alzet 2ML1 Osmotic Pump is calibrated to constantly deliver 10 ll/h (240 ll/ day) for 7 days.
Ewes (n ! 5 per treatment) were implanted on Day 7 after mating with an osmotic pump containing either: 1) control MO, 2) PPARD MAO, or 3) PPARG MAO. Each pump was equilibrated in sterile PBS at 378C for 24 h and contained 100 nmol of the MO along with 50 ll of Gene Tools' Aqueous Endo Porter delivery reagent diluted to a final volume of 2 ml of sterile PBS. All ewes were euthanized on Day 14 after mating and tissues were immediately collected. The catheterized uterine horn was flushed with 10 ml of PBS (pH 7.2), and the state of conceptus development was assessed under bright-field illumination using an SMZ1000 photomicroscope fitted with a DS-Fi1 digital camera (Nikon Instruments Inc.). The volume of the recovered uterine flushing was measured and recorded, and the flushing was clarified by centrifugation (3000 3 g at 48C for 15 min). The supernatant was carefully removed with a pipette, mixed, aliquoted, frozen in liquid nitrogen, and stored at À808C. Several sections (;0.5 cm) from the midportion of each uterine horn as well as portions of the conceptus were fixed in fresh 4% paraformaldehyde in PBS (pH 7.2). After 24 h, fixed tissues were changed to 70% ethanol for 24 h and then dehydrated and embedded in Paraplast-Plus (Oxford Labware). The remaining endometrium was physically dissected from the myometrium using curved scissors, flash frozen in liquid nitrogen, and stored at À808C for subsequent RNA extraction.
Quantification of IFNT in Uterine Flush
The amount of IFNT in the uterine flush was determined by Western dot blot analysis as previously described [35] . A sample of the uterine flush (100 ll) from each ewe was diluted to 200 ll final volume with 10 mM Trisbuffered saline (TBS). A nitrocellulose membrane (GE Healthcare-Life Sciences), presoaked with TBS, was loaded into a BioRad dot blot apparatus backed by Whatman filter paper. Wells were subsequently washed with 200 ll of TBS prior to addition of the diluted uterine flush sample, and then rinsed with 200 ll of TBS. The membrane was allowed to air dry and was then blocked in 5% (wt/vol) milk/TBS with 0.1% Tween 20 (TBST) for 1 h at room temperature. The membrane was then incubated in primary rabbit antiovine IFNT serum [36] at 1:1000 dilution in 5% milk/TBST overnight at 48C. The blot was then washed for 30 min in TBST, followed by incubation with goat anti-rabbit immunoglobulin G (IgG) horseradish peroxidase conjugate (Thermo Scientific) at 1:5000 diluted in 5% milk/TBST for 1 h at room temperature. The blot was washed again for 30 min in TBST. Immunoreactive IFNT was detected using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) and quantified with a ChemiDoc MP system and Image Lab 4.1 software (BioRad). The data are expressed as total relative amount of IFNT in the uterine flush determined by adjusting for the recovered volume of uterine flushing.
Quantification of PGs in the Uterine Flush
Prostaglandins in the uterine flush were measured by sensitive enzyme immunoassay from Cayman Chemical (catalog no. 514012). The antiserum used in this assay exhibits high cross-reactivity for most PGs, which allows quantification of all of the PGs in a given sample with a single assay. Total PGs in the uterine flush were measured according to the manufacturer's recommendations in a single assay with a sensitivity of 15.6 pg/ml. The data BROOKS ET AL.
are expressed as total amounts of PGs, determined by adjusting for the recovered volume of uterine flush.
Total RNA Isolation and Real-Time PCR Analysis
Total RNA was isolated from endometrial samples using Isol-RNA lysis reagent (5 Prime). To eliminate genomic DNA contamination, extracted RNA was treated with DNase I and purified using an RNeasy MinElute cleanup kit (Qiagen). The quantity and quality of total RNA were determined by spectrometry. Total RNA (1 lg) from each sample was reverse transcribed in a total reaction volume of 20 ll using iScript RT supermix (BioRad). Reverse transcription was performed as follows: 5 min at 258C; 30 min at 428C; and 5 min at 858C. Control reactions in the absence of reverse transcriptase were prepared for each sample to test for genomic DNA contamination. The resulting cDNA was stored at À208C for further analysis.
Real-time PCR was performed using a CFX384 Touch Real Time System with SsoAdvanced Universal SYBR Green Supermix (BioRad). Previously published primers for CXCL10, CTSL1, GAPDH, IGFBP1, ISG15, RSAD2, SLC2A1, SLC5A1, and SLC7A2 were used [17] , and primers for ovine GRP and LGALS15 were designed and synthesized by Integrated DNA Technologies (Supplemental Table S1 ). Each sample was analyzed in duplicate with the following conditions for 40 cycles: 958C for 30 sec; 958C for 5 sec; and 608C for 30 sec. A dissociation curve was generated at the end of amplification to ensure that a single product was amplified. Polymerase chain reactions without template and template substituted with total RNA were used as a negative control to verify experimental results. The threshold line was set in the linear region of the amplification plot above the baseline noise, and quantification cycle (Cq) values were determined as the cycle number in which the threshold line intersected the amplification curve. Ovine GAPDH was used as the reference gene.
Immunohistochemistry
Fixed conceptuses were embedded in paraffin wax and sectioned (6 lm). Sections were mounted on slides, deparaffinized in xylene substitute, and rehydrated in a graded alcohol series. Sections were then submitted to hematoxylin and eosin staining (Scytek), immunohistochemistry, or TUNEL apoptosis assay. For immunohistochemistry, antigen retrieval was performed by incubating sections affixed to slides for 10 min in boiling 10 mM citrate buffer (pH 6.0). After cooling to room temperature, sections were incubated with 10% normal goat serum in PBS (pH 7.5) for 10 min at room temperature and then overnight at 48C with rabbit anti-Ki67 IgG (catalog no. ab66155; Abcam) at 1.2 lg/ml in 1% BSA in PBS (pH 7.5). Sections were washed in PBS and incubated with biotinylated secondary antibody at 5 lg/ml (catalog no. PK-4001; Vector Laboratories) for 1 h at 378C. Immunoreactive Ki-67 protein was visualized using a Vectastain ABC kit (Vector Laboratories) using diaminobenzidine tetrahydrochloride as the chromogen. Sections were counterstained with hematoxylin, and coverslips were affixed to slides with Permount mounting medium (Fisher Scientific). Images of representative fields were recorded using a Nikon Eclipse 90i model photomicroscope fitted with a DS-Ri1 digital camera.
TUNEL Apoptosis Assay
Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) assay (catalog no. G3250; Promega) was performed according to the manufacturer's instructions for paraffin-embedded tissue, with slight modification. Briefly, the sections were rehydrated and fixed in 4% methanol-free paraformaldehyde (PFA) in PBS for 15 min at room temperature. The tissue was permeabilized with Proteinase K for 8 min, washed with PBS, and fixed in PFA. Slides were then covered with equilibration buffer for 5-10 min at room temperature followed by incubation with TdT incubation buffer (containing TdT and nucleotide mix) for 1 h at 378C in a humidified chamber. The reaction was terminated by submersion of slides in 23 saline-sodium citrate for 15 min at room temperature. The sections were washed with PBS and coverslips applied using Vectashield mounting media with 4 0 ,6-diamidino-2-phenylindole (DAPI; Vector Laboratories). Images of representative fields were recorded using a Nikon Eclipse 90i model photomicroscope fitted with a DSRi1 digital camera. Bright-field and epifluorescent (DAPI and fluorescein isothiocyanate [FITC]) images were collected using NIS Elements BR 3.2 software (Nikon). Background fluorescence was corrected based on FITC intensity of positive control slides produced by DNase I (Qiagen) treatment according to TUNEL assay instructions (Promega).
Chromatin Immunoprecipitation Sequencing
GenPathway FactorPath chromatin immunoprecipitation (ChIP) analysis was conducted by ActiveMotif using flash-frozen Day 14 ovine conceptuses (n ¼ 4). Conceptus tissue samples (;100 mg) were submersed in 1% formaldehyde in PBS, cut into small pieces, and incubated at room temperature for 15 min. Fixation was stopped by the addition of 0.125 M glycine. Tissue pieces were then treated with a TissueTearor (BioSpecProducts and finally spun down and washed twice in PBS. Chromatin was isolated by disrupting the cells with a Dounce homogenizer. Lysates were sonicated using a Misonix Sonicator 3000 equipped with a microtip in order to shear the DNA to an average length of 300 to 500 bp. Lysates were cleared by centrifugation and stored at À808C. Genomic DNA (input) was prepared by treating aliquots of chromatin with RNase, Proteinase K, and heat for decrosslinking, followed by phenol/chloroform extraction and ethanol precipitation. Purified DNA was quantified on a NanoDrop spectrophotometer (Thermo Fisher Scientific Inc.). Extrapolation to the original chromatin volume allowed determination of the total chromatin yield. For each ChIP reaction, 30 lg of chromatin was precleared with protein A agarose beads (Life Technologies). Immunoprecipitation was performed using 4 lg of rabbit anti-PPARG polyclonal IgG (catalog no. sc-7196; Santa Cruz Biotechnology). Following overnight incubation at 48C, protein A agarose was added, and incubation at 48C continued for another 3 h. Immune complexes were washed two times each with a series of buffers consisting of the deoxycholate sonication buffer, high-salt buffer, LiCl buffer, and Tris-EDTA buffer. Immune complexes were eluted from the beads with SDS buffer and subjected to RNase treatment and Proteinase K treatment. Crosslinks were reversed by incubation overnight at 658C, and ChIP DNA was purified by phenol-chloroform extraction and ethanol precipitation.
Input and ChIP DNAs were amplified using an Illumina ChIP-Seq DNA Sample Prep Kit. Briefly, DNA ends were polished and 5 0 phosphorylated using T4 DNA polymerase, Klenow polymerase, and T4 polynucleotide kinase. After addition of 3 0 -adenine to blunt ends using Klenow (3 0 -5 0 exo minus), Illumina genomic adapters were ligated, and the sample was size fractionated to 200-250 bp on a 2% agarose gel. After a PCR amplification (30 sec at 988C; 10 sec at 988C, 30 sec at 658C, and 30 sec at 728C for 18 cycles; and then 5 min at 728C) with Phusion High-Fidelity DNA Polymerase (NEB), the resulting DNA libraries were tested by reverse transcription quantitative PCR (RT-qPCR) at the same specific genomic regions as the original ChIP DNA to assess the quality of the amplification reactions. The DNA libraries were sent to Illumina Sequencing Services and sequenced using an Illumina HiSeq 2000. Sequences (50 base, single end) were aligned to the O. aries genome (National Center for Biotechnology Information [NCBI] Build 37, August 2012, Oar_v3.1) using the BWA algorithm. Alignments were extended in silico at their 3 0 ends to a length of 150 bp and assigned to 32-nucleotide bins along the genome. The resulting histograms were stored in binary analysis results files. Peak locations were determined by applying a threshold of 18 (5 consecutive bins containing 18 aligns) and storing the resulting intervals in browser extensible data (BED) files. Interval locations in BED format are deposited in the NCBI Gene Expression Omnibus (GSE59011). The BED files were analyzed using GenPathway software (Active Motif) that provides information on genomic annotation, peak metrics, and sample comparisons for all intervals. The model-based analysis of ChIP-Seq (magnetic-activated cell sorting) peak-finding algorithm was used to normalize ChIP against the input control (P , 10 7 ; mfold 8.30, bandwidth 150) [37] . Motif analysis was conducted through TOMTOM analysis of the JASPAR CORE 2014 vertebrate MEME database [38] . Gene list functional enrichment analysis was conducted using ToppFun (https:// toppgene.cchmc.org/) using default settings [39] .
RNA Sequencing
Flash-frozen Day 14 ovine conceptuses (n ¼ 4) were homogenized in RLT plus buffer and RNA was isolated using RNeasy Plus kit (Qiagen). Samples of total RNA (5 lg) were depleted of ribosomal RNA using Ribominus Eukaryote System v2 (Ambion). Ion Total RNA-seq Kit v2 (Life Technologies) was used to construct strand-specific sequencing libraries from ribosomal-depleted samples (20 ng), with several deviations from the protocol. Enzymatic RNA fragmentation was carried out at 378C for 90 sec. Fragmented RNA was purified using 1.03 AMPure XP beads (Beckman-Coulter Genomics). The cDNA and final libraries were purified with 0.83 AMPure XP beads. Emulsion PCR was performed on an Ion One Touch 2 instrument (Life Technologies), using the Ion P1 Template OT2 200 v3 reagents. Sequencing beads were quantified and evaluated by flow cytometry using a Guava Easy Cyte (Millipore) with Sybr Gold (Molecular Bioprobes) before loading on an Ion P1 semiconductor sequencing chip. Libraries (n ¼ 4) were sequenced on an Ion Proton using Ion P1 200 v3 sequencing reagents and 440 flows (Life Technologies) at the Washington State University Molecular Biology and Genomics Core. The barcoded libraries were pooled at three per P1 chip for sequencing. Base calling and primary analysis were performed using Torrent Suite 4.0.2 (Life Technologies). Reads, at least 16 million per sample, were PPARG REGULATES CONCEPTUS ELONGATION IN SHEEP quality trimmed (error probability, 0.01) and mapped to Ensembl genes (O. aries Oar_v3.1.75) with a CLC Genomics Server 6.0 (CLC Bio) using default settings. Associated gene names and descriptions were downloaded from the Ensembl Genes 75 database using BioMart and were used to annotate the RNA-seq experiment table. Expression values were calculated as reads per kilobase of transcript per million mapped reads (RPKM). Expression values were square root transformed and visualized with box plots to verify similar sample distribution. Processed and raw BAM files were deposited in the NCBI Gene Expression Omnibus (GSE58967)
Statistical Analysis
All quantitative data were subjected to least-squares analyses of variance using the General Linear Models procedures of the Statistical Analysis System (SAS Institute Inc.). For analyses of real-time PCR data, in vivo treatment was used as the independent variable in the statistical model, with GAPDH values used as a covariate. Error terms used in test of significance were identified according to the expectation of the mean squares for error. Significance (P , 0.05) was determined by probability differences of least squares means (LSM).
RESULTS
PPARG MAO Inhibits Ovine Conceptus Elongation
Morpholinos are short chains of MO subunits comprising a nucleic acid base, a morpholine ring, and a nonionic phosphorodiamidate intersubunit linkage [40] . Morpholino antisense oligonucleotides were designed to inhibit translation of either ovine PPARD or PPARG mRNAs, and they act through RNase H-independent steric interference to block translation of target genes [41] . The effectiveness of MAOs to inhibit translation of target mRNA was assessed using an in vitro assay. Cells were transfected with a CDS-LUC vector and then treated with MOs. As illustrated in Figure 1 , LUC reporter activity was lower (P , 0.05) in cells treated with PPARD MAO or PPARG MAO compared with the control MO. The reduction in LUC reporter activity in the MAO-treated cells is due to the MAO binding to the PPARD or PPARG CDS and repressing translation of LUC mRNA because of steric hindrance.
In vivo loss-of-function studies were then conducted to determine the effect of PPARD and PPARG MAOs on conceptus elongation in sheep. This approach is based on previous studies demonstrating that labeled MOs are effectively delivered to the mononuclear trophectoderm cells of the conceptus after in utero administration [33, 42] . Pregnancy rates were not different (P . 0.10) and averaged 80% in MOinfused ewes. As summarized in Table 1 , conceptuses recovered from ewes receiving intrauterine infusions of control MO and PPARD MAO were elongated and filamentous, consistent with normal conceptus morphology in Day 14 pregnant ewes [2, 5] . However, conceptuses from PPARG MAO-infused ewes were visibly growth retarded and malformed. Histological examination found that conceptuses recovered from ewes infused with control MO or PPARD MAO contained many mononuclear trophectoderm cells lined with endoderm (Fig. 2) . In contrast, those receiving PPARG MAO were noticeably smaller, with almost no distinct mononuclear trophectoderm cells or endoderm.
Elongation of the conceptus in ruminants is primarily driven by proliferation of the mononuclear trophectoderm cells [1] . Analysis of cell proliferation was conducted by immunostaining conceptuses for Ki-67, a nuclear protein that is a marker of cell proliferation [43] . Abundant Ki-67 protein was observed in 
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the nuclei of most mononuclear trophectoderm cells in the elongated, filamentous conceptuses from ewes infused with control MO and PPARD MAO (Fig. 3) . The growth-retarded, malformed conceptuses from PPARG MAO-infused ewes also contained Ki-67-positive cells. Next, apoptosis in the conceptuses was assessed using a fluorometric TUNEL assay [44, 45] . Apoptotic trophectoderm cells were particularly prevalent in the malformed conceptuses recovered from PPARG MAOinfused ewes, but they were very low in elongating, filamentous conceptuses from control MO and PPARD MAO-infused ewes (Fig. 2) .
PPARG MAO Reduces IFNT and PG in the Uterine Lumen and Modifies Expression of Genes in the Endometrium Related to Conceptus Elongation and Implantation
Given that the trophectoderm cells of the elongating conceptus synthesize and secrete PGs and IFNT, the abundance of those factors in the uterine lumen can be used as an indirect measure of conceptus development and viability as well as trophectoderm cell number [15, 17, 46, 47] . Consistent with retarded conceptus growth, IFNT and PGs were substantially lower (P , 0.01) in the uterine lumen of ewes infused with PPARG MAO compared with those infused with control MO (Table 1 ). In contrast, the amount of IFNT and PGs in the uterine lumen of PPARD MAO-infused ewes was not different (P . 0.10) from that of control MO ewes, which is consistent with conceptus morphology. The amount of total protein in the uterine luminal fluid was not different (P . 0.10) in the MOinfused ewes (data not shown).
A number of elongation-and implantation-related genes are induced by progesterone in the LE and GE of the endometrium between Days 10 and 12 after estrus/mating and are further stimulated by IFNT and/or PGs from the conceptus between Days 12 and 14 in early pregnant sheep (see Dorniak et al. [13] for review). In addition, a large number of classical type I ISGs are induced by IFNT, predominantly in the uterine stroma and GE. As illustrated in Figure 3 , the abundance of classical type I ISG mRNA (CXCL10, ISG15, RSAD2) was substantially lower (P , 0.001; 23-, 26-, and 10-fold, respectively) in the endometrium of ewes infused with PPARG MAO compared with those receiving control MO. In contrast, ISG expression was not different (P . 0.10) in the endometria of ewes infused with control MO compared with PPARD MAO. The majority 
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of elongation-and implantation-related genes (GRP, IGFBP1, LGALS15, SLC2A1, SLC5A1, SLC7A2) were not different (P . 0.10) in the endometria of PPARG MAO and PPARD MAO compared with control MO ewes (data not shown). However, CTSL1 and SLC2A5 mRNA levels were higher (P , 0.05 and P , 0.001, respectively) in the endometrium of ewes receiving PPARG MAO compared with control MO. In contrast, expression of those genes was not different (P . 0.10) in the endometrium of ewes infused with PPARD MAO compared with control MO.
Identification and Distribution of PPARG-Binding Sites in Day 14 Ovine Conceptus
Results of the loss-of-function study support the idea that PPARG, but not PPARD, in the trophectoderm regulates conceptus elongation. Given that PPARG-regulated genes have not been defined in the ruminant conceptus and that PPARG regulates conceptus elongation, ChIP-Seq analysis was conducted to determine PPARG-binding sites in the Day 14 ovine conceptus (Fig. 4 and Supplemental Table S2 ). Of the 2288 PPARG-bound intervals identified by ChIP-Seq, 1518 were within 10 000 bp of genes, 723 were within promoter regions (identified as being À7500/þ2500 bp of transcription start sites), and 344 were within 500 bp of transcriptional start sites based on the current NCBI O. aries annotation. An increased frequency of PPARG binding near transcriptional start sites was noted (Fig. 4B) . The NCBI genes with CpGs and PPARGbinding intervals within promoter regions totaled 778, with 568 PPARG-binding sites within 200 bp of CpG islands (Fig. 4C) . PPARG-binding interval distribution was analyzed relative to genomic boundaries, which revealed 1833 NCBI genes within 10 000 bp of PPARG-binding intervals. As illustrated in Figure  4D , PPARG-binding sequences (60 bp surrounding summits) were analyzed by MEME and TOMTOM and returned a motif identical to the conserved PPARG-binding motif (name MA0065.2, PPARG::RXRA) [48, 49] .
Gene Expression in the Day 14 Ovine Conceptus
In order to determine the genes potentially activated or repressed by PPARG in the elongating ovine conceptus, RNASeq of Day 14 conceptuses was performed to identify expressed genes (Supplemental Table S3 ). Using a RPKM .1 criterion, 8775 genes were expressed in the Day 14 ovine conceptus. As summarized in Table 2 , RNA-Seq identified multiple genes known to be abundantly and uniquely expressed in the mononuclear trophectoderm cells of the elongating ovine conceptus, including IFNT (20 347 RPKM) and pregnancyspecific antigen (also known as pregnancy-associated glycoprotein or PAG; 2526 RPKM) [50] . Other genes of note include PTGS2 (1093 RPKM), PPARD (23 RPKM), and PPARG (22 RPKM), as well as RXRA and RXRB (2 and 4 RPKM, respectively). Cell cycle regulation, DNA replication, 
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and RNA processing, as well as protein transport and localization, were functionally enriched in genes expressed in the Day 14 ovine conceptus based on ToppFun functional enrichment analysis (Table 3 and Supplemental Table S4 ).
Identification of Potential PPARG Target Genes in the Day 14 Ovine Conceptus
Next, the PPARG ChIP-Seq and RNA-Seq datasets were integrated to identify potential genes regulated by PPARG in the Day 14 ovine conceptus (Table 4 and Supplemental Table  S5 ). Of the 8775 genes expressed in the Day 14 ovine conceptus, only 1066 of them were bound by PPARG (Fig. 5) . Genes with the greatest number of PPARG-binding intervals and expressed in the conceptus include iron-responsive element binding protein 2 (IREB2), heterogeneous nuclear ribonucleoprotein H3 (HNRNPH3), and aspartyl-tRNA synthetase (DARS). Genes bound by PPARG and expressed included keratin 8 (6211 RPKM), pregnancy-specific antigen (2526 RPKM), and FADS2 and FADS1 (2132 and 1804 RPKM). Candidate PPARG-regulated genes were enriched in biological BROOKS ET AL.
processes related to lipid biosynthesis and lipid metabolism based on ToppFun analysis (Table 5 and Supplemental Table  S6) . Genes bound by PPARG but not expressed in the Day 14 conceptus included ribosomal protein L13a (RPL13a), wingless-type MMTV integration site family, member 10B (WNT10B), and keratin 80 (KRT80). Genes bound by PPARG but not expressed were not enriched for any specific biological process based on ToppFun analysis.
DISCUSSION
In the present study, an in utero loss-of-function approach found that PPARG is an essential regulator of conceptus elongation. The approach of combining PPARG ChIP-Seq and RNA-Seq transcriptome analyses of the ovine conceptus allowed for identification of potential genes and biological pathways regulated by PPARG in the trophectoderm. To our knowledge, this is the first report of PPARG ChIP-Seq and RNA-Seq analysis of the ovine conceptus. Information contained in those analyses is a valuable resource for future studies to understand the cellular and molecular mechanisms governing conceptus growth and trophectoderm function in ruminants. The present study and other studies strongly support the idea that PTGS2-derived PGJ2 actions via PPARG have important biological roles in the transport, cellular uptake, storage, and metabolism of lipids, glucose, fatty acids, and PGs in the trophectoderm of the elongating conceptus [18, 51] . In the present study, loss of PPARG but not PPARD in the trophectoderm compromised conceptus elongation. The visibly growth-retarded and malformed conceptuses from PPARG MAO-infused ewes had essentially no morphologically normal trophectoderm cells. Results of the present study support the idea that the growth retardation and malformation of the conceptuses from PPARG MAO-infused ewes were primarily due to apoptosis in the trophectoderm. The substantially reduced IFNT and PGs in the uterine lumen is consistent with the lack of mononuclear trophectoderm cells in the growthretarded conceptuses. As expected, reduced IFNT levels in the uterine lumen were accompanied by a substantial lack of induction of classical type I ISGs in the endometrium [12, [52] [53] [54] . Of note, two genes, the CTSL1 protease and SLC2A5 facilitative glucose/fructose transporter, were higher in the endometria of ewes with malformed conceptuses. During a normal pregnancy, expression of these progesterone-induced endometrial epithelial genes is increased by IFNT as well as PGs from the elongating conceptus [17] . Given that PGs and IFNT were lower in the endometria from the PPARG MAO- infused ewes, increased expression of CTSL1 and SLC2A5 in the endometrium of ewes receiving PPARG MAO treatment suggests they are sensitive to abnormally developing conceptuses. Indeed, the endometrium of cattle can sense the difference between a conceptus derived from nuclear transfer and in vitro fertilization on Day 18 or 20 of pregnancy [55, 56] . Future studies should determine whether other genes are altered in the endometrium of early pregnant sheep gestating unhealthy conceptuses. Proliferation of the trophectoderm is a key process involved in conceptus elongation and is thought to rely on glucose, amino acids, lipids, and proteins provided by the endometrium, particularly because in vitro-derived blastocysts will not form a conceptus that elongates in culture [57] [58] [59] [60] . Treatment of cultured ovine trophoblast cells with glucose stimulates their proliferation and migration [61] . In the ovine uterine luminal fluid, total glucose increases 6-fold between Days 10 and 15 of pregnancy [62] . Candidate gene profiling experiments found that multiple facilitative (SLC2A1, SLC2A3, SLC2A4) and sodium-dependent (SLC5A1, SLC5A11) glucose transporters are expressed in the trophectoderm of the conceptus [63] . The present study found that many other members of the SLC glucose transporter family were expressed in the Day 14 ovine conceptus, including SLC2A3 and SLC5A1. The fate and activities of glucose within the trophectoderm of the elongating ovine conceptus have not been reported. In adipocytes, the transcription factor SREBP1/ADD1 promotes glycolytic conversion of glucose to acetyl-CoA, and subsequently the synthesis of fatty acids from acetyl-CoA [64, 65] . In adipose tissue, SREBP1/ADD1 also stimulates the expression of PPARG, which influences the storage of glucose-derived fatty acids and promotes differentiation of preadipocytes into fat cells [66, 67] . In extravillous cytotrophoblasts of human placentae, PPARG is thought to regulate the accumulation of neutral lipids in the syncytiotrophoblasts and uptake of free fatty acids [68] . Of note, Pparg null murine embryos lack lipid droplets that are normally present in wild-type placentas [69, 70] . In the elongating ovine conceptus, lipid droplets are observed in the cytoplasm of trophectoderm cells [71] . Little information is available on lipids in the uterine lumen during early pregnancy or their role in conceptus elongation; however, an increase in trophectoderm cell number during conceptus elongation likely depends on provision of lipids from the uterus, particularly given the large amounts of PGs synthesized and released by the developing ovine conceptus [15] [16] [17] . As illustrated in Figure 6 , PGs can be transported into the cell or can be derived enzymatically from cell membrane phospholipids through an arachidonic acid intermediate created from diacylglycerol via phospholipase A2 (PLA2) or fatty acids. The PLA2-derived arachidonate is then brought to either the cyclooxygenase pathway or the lipoxygenase pathway [66] [67] [68] . The cyclooxygenase pathway produces PGH2, which can be metabolized into active PGs, including PGD2, PGE2, PGF2a, and prostacyclin or PGI2, via cell-specific prostaglandin isomerases and synthases [69] [70] [71] . Prostaglandins synthesized and secreted by the elongating conceptus act in a paracrine manner to stimulate expression of elongation-and implantation-related genes in the endometrium of early pregnant sheep [72] . Those PGs are important, because inhibition of PTGS2 activity by infusion of a selective PTGS2-specific inhibitor into the uterus from Days 8 to 14 after mating inhibited the ovoid conceptus from elongating [17] .
Glucose, lipids, fatty acids, and PGs likely have important biological roles in trophectoderm metabolism, growth, and survival during conceptus elongation (Fig. 5) . The ChIP-Seq analysis in the present study supports a biological role for PPARG in fatty acid uptake and metabolism in the conceptus trophectoderm. Similarly, a recent ChIP-Seq analysis of PPARG in primary adipocyte cells found regulation of fatty acid-binding proteins (FABPs), fatty acid transport proteins (FATPs), and fatty acid desaturases (FADS1 and FADS2), which catalyze the desaturation of unsaturated fatty acids to generate arachidonic acid and other eicosanoid precursors [73] . Polyunsaturated fatty acids are essential constituents of membrane phospholipids, with important roles in the regulation of cell membrane fluidity, and are used as an energy source during embryo maturation and the extended periods of cell proliferation preceding implantation in a number of species [74] . Cell surface proteins, such as fatty acid transporter (FAT/ CD36), FATP, and FABP, are present in human trophoblast membranes and are involved in translocation and fatty acid uptake into cells [75] . Other candidate PPARG-regulated and PPARG-expressed genes in the Day 14 ovine conceptus identified in the present study and other studies include phospholipase A2 inhibitor and Ly6/PLAUR domain-containing protein-like (PINLYP), which may be involved in the regulation of lipid synthesis from membrane phospholipids to promote stability in the elongating trophectoderm [76, 77] ; lysophosphatidylcholine acyltransferase 3 (LPCAT3), an enzyme involved in fatty acid remodeling of phospholipids and metabolism of bioactive lipids [78] ; and monoacylglycerol O-acyltransferase 1 (MOGAT1), which catalyzes the synthesis of diacylglycerols, the precursor of physiologically important lipids, such as triacylglycerol and phospholipids [79] . Collectively, available results support the idea that PTGS2-derived PGJ2 acts via PPARG to regulate expression of genes involved in the uptake of glucose, lipids, and fatty acids, and their metabolism in the mononuclear trophectoderm cells of the elongating ovine conceptus. Although not addressed in the present study, PPARG and perhaps PPARD may also be involved in the differentiation of trophoblast giant binucleate cells from the mononuclear trophectoderm cells in the ruminant conceptus [29, 80, 81] .
Investigation of genes and pathways regulated by PPARG could help determine key pathways that are essential for conceptus elongation and, more specifically, trophectoderm survival and proliferation. Increased knowledge of those pathways is important, because the majority of pregnancy loss in ruminants occurs early in gestation and is due to either failure during blastocyst formation or postblastocyst embryonic failure during the critical time of conceptus elongation [82] . In vivo loss-of-function studies are necessary to further our understanding of the complex molecular and cellular events surrounding conceptus development and early pregnancy events, and may be made more feasible with the recent emergence of genomic editing tools involving meganucleases [83, 84] .
